In this study, we provide the first documented removal of humic acid (HA) from aqueous solution using polyacrylamide/chitosan (PAAm/CS) semi-IPN hydrogel. The prepared semi-IPN hydrogel was characterized by scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy (FT-IR). The factors effecting HA adsorption performance were individually tested, including initial pH, ionic strength, contact time, initial HA concentration, and temperature. The results indicated that semi-IPN hydrogel was successfully fabricated and can be applied in a wide pH range, from 3 to 9.
INTRODUCTION
Humic acid (HA), a typical natural organic matter, is ubiquitous in surface water, ground water and sources of drinking water (Lin & Zhan ; Wang et al. ) . HA in water poses a threat to the safety of drinking water. High concentrations of HA cause unpleasant colour, odour and taste problems with drinking water and microbiological regrowth in distribution systems (Liu et al. ) . Moreover, HA plays a role in binding heavy metals and synthetic organic chemicals, making it harder to remove these pollutants from water (Li et al. ) . Additionally, HA can react with halogenbased disinfection agents, such as chlorine, to produce a range of strongly carcinogenic disinfection by-products (Kim & Yu ; Philippe et al. ; Tian et al. ) . Therefore, it is of great importance to efficiently remove HA from drinking water prior to the disinfection process.
Numerous techniques, including coagulation, membrane technology, advanced oxidation and adsorption, have been developed for HA removal (Tang et . Among them, adsorption has gained much more attention for its simple design, ease of operation, high efficiency and lack of side effects or secondary pollution (Nageeb ; Lin & Chang ; Wang et al. ) . Activated carbon is widely used to remove organic pollutants from water but is ineffective in removing HA (Lin & Zhan ; Tang et al. ) . In addition, activated carbon is expensive. Thus, new adsorbents with low cost and powerful adsorptivity are urgently sought.
As a low-cost adsorbent, chitosan is considered a good choice and has been the focus of research (Liu & Bai ) . Chitosan is a hydrophilic cationic biopolymer derived from chitin, and is abundant in nature. The presence of amino (-NH 2 ) and hydroxyl (-OH) groups in chitosan make it an excellent natural adsorbent for removing pollutants from water and wastewater, including metal ions, dyes, phenols and HA (Dong et al. a; Vakili et al. ; Nguyen & Juang ; Zhang et al. ) . Raw chitosan is an environmentally friendly, easily available, cost-effective and versatile biosorbent, but its mechanical properties, acid resistance and specific gravity need to be improved (Zulfikar et al. ) . Chemical crosslinking is common practice for solving these issues, but it usually works at the expense of adsorption capacity due to the loss of availability of amine functions and accessibility to internal sites of the materials (Zhao et al. ) .
In recent years, semi-interpenetrating network (semi-IPN) hydrogels have become the subject of research interest. Semi-IPN hydrogels are produced by inserting the chains of a hydrophilic polysaccharide into the network of a crosslinked polymer without any chemical bonds between them. Hydrogels prepared in this way have the combined properties of each polymer and their overall mechanical strength is enhanced. Moreover, the adsorption rate and adsorption capacity are further improved (Liu & Bai ) . These characteristics motivated us to exploit chitosanbased semi-IPN hydrogels to remove HA from water.
In this study, polyacrylamide (PAAm) was chosen as a matrix for its accessibility, biocompatibility and biodegradability (Dragan et al. a) . Here, for the first time, the semi-IPN hydrogel was prepared in a simple process via fast in-situ free radical cross-linking polymerization of acrylamide (AAm) and N,N 0 -methylenebisacrylamide (MBA) in the presence of chitosan (CS) by thermal initiation without nitrogen protection. To obtain a porous structure and higher material contact surface area, the hydrogel was freeze dried and then ground into a powder. The hydrogel after adsorption was easily separated due it swelling after absorbing water. The effects of initial solution pH, ionic strength, contact time, initial HA solution concentration and temperature on the HA adsorption performance of semi-IPN hydrogel were investigated.
EXPERIMENTAL Materials
AAm, CS, HA and other reagents were all supplied by Aladdin (Shanghai, China) and used as received without further treatment. A stock solution of HA (1,000 mg L À1 ) was prepared by dissolving 1.00 g of HA in 1 L deionized water. Working solutions of desired HA concentration were obtained by successive dilution. Deionized water was used for all experiments.
Preparation of PAAm/CS semi-IPN hydrogel
The PAAm/CS semi-IPN hydrogel was prepared via a simple method. CS solution was prepared by dissolving 1.354 g of CS in 45 mL of 2 wt. % acetic acid solution with continuous stirring at 60 C. The molar mass proportion of CS and AAm being 1:20), 12 g of AAm, 0.15 g of MBA (cross-linking agent) and 0.06 g of ammonium persulfate (APS, initiator) were dissolved in 18 mL of 2 wt. % acetic acid solution, and then added to the CS solution by stirring for 10 min. The well-mixed solution obtained was heated at 60 C in a water bath for 3 hours to generate radicals and to complete gelation. The gelation process was rapid due to the thermal initiation, and nitrogen protection could be eliminated. The resulting hydrogel was immersed in 500 mL distilled water for 24 hours at room temperature, and the water was refreshed every 8 hours to remove any residual unreacted monomers, soluble polymers and impurities. Then the hydrogel was rinsed with 250 mL of distilled water five more times to ensure that all the impurities were completely removed. Thereafter, the swollen hydrogel was left at À19 C for one night to be freeze dried. Finally, the dried hydrogel was ground into a white powder in a grinding miller.
A schematic diagram describing the synthetic method is shown in Figure 1 .
Characterization
The surface morphologies of PAAm and PAAm/CS semi-IPN gel powder were observed using a scanning electron microscope (SEM, ZEISS, Germany). The functional groups present in CS, PAAm and PAAm/CS semi-IPN hydrogel were investigated by Fourier transform infrared spectrometer (FT-IR) (CCR-1, Thermo-Nicolet, USA) using the KBr pellet technique. The zeta potential values of PAAm/CS semi-IPN gel were measured using an Anton Paar SurPASS by suspending 0.01 g PAAm/CS semi-IPN gel powder in 10 mL distilled water at different initial solution pH, ranging from 5 to 12.
Swelling studies
The swelling properties of the semi-IPN hydrogel were studied using the conventional gravimetric method. Dried hydrogels were immersed in aqueous solution (solution pH 7.0; temperature 25 C) and HA solution (HA concentration 60 mg L À1 ; ionic strength 0.01 mol L À1 ; solution pH 7.0; temperature 25 C), respectively. The swollen gels were weighed at predetermined intervals after excess surface liquid was wiped off with filter paper. The swelling ratio (SR) was calculated using the following equation:
where W d and W s are the weights of the dried and swollen hydrogels, respectively.
Batch adsorption experiments
Adsorption experiments were conducted at various initial solution pH, ionic strength, contact time, initial HA concentrations and temperatures in batch mode. Without special instruments, the initial pH of the HA solution was kept at 7.0 adjusted with 0.1 mol L À1 HCl solution and 0.1 mol L À1 NaOH solution. The ionic strength of the HA solution was fixed at 0.01 mol L À1 by adjusting with NaCl prior to the adsorption experiments. During the adsorption experiments, 0.025 g of semi-IPN hydrogel were dispersed into 50 mL of 60 mg mL À1 HA solution in a 100-mL Erlenmeyer flask and then shaken at 200 rpm in a gas thermostatic oscillator. The effect of initial solution pH was studied in the range of 3 to 11. Different NaCl concentrations were used to check the influence of ionic strength on adsorption performance. The effect of contact time was investigated at regular intervals. The adsorption isotherm experiments were conducted at different concentrations of HA solution, ranging from 40 mg L À1 to 90 mg L À1 at different temperatures. After adsorption, semi-IPN hydrogels were left overnight and filtered off with 0.45 μm filter membranes. The residual concentration of HA solutions were measured by UV-Vis spectroscopy (UV-2800A, Shanghai, China) at 254 nm. The amount of absorbed HA (mg g À1 ) was calculated using the following equation:
where C 0 and C (mg L À1 ) are the concentrations of HA solution before and after the adsorption; V (L) is the volume of HA solution; and m (g) is the mass of semi-IPN hydrogel. All batch experiments were conducted in triplicate, and the averages were taken as the results.
RESULTS AND DISCUSSION
Characterization Figure 2 shows the SEM images of the internal structure of PAAm (a) and PAAm/CS semi-IPN hydrogel (b), from which we clearly observe that the PAAm pore walls showed a smooth surface while the semi-IPN hydrogel exhibited a loose and coarse surface. The latter benefits the penetration of water and HA into the network, resulting in the enhancement of water and HA adsorption. The porosity of the semi-IPN hydrogel is heterogeneous due to the semi-interpenetrating polymer network. The pore size of the network hydrogel is largely reduced by the more rigid CS chains, which is in agreement with the results of previous studies (Zhou & Wu ; Dragan et al. b) . The aggregation of CS chains within the PAAm network at high copolymerization temperature (60 C) results in thick and strong pore walls, which strengthen the mechanical properties. Smaller three-dimensional net-pores, 2-5 μm in size and the more compact walls of the semi-IPN hydrogel compared with PAAm indicated the successful penetration of CS chains into the PAAm polymeric network. The FT-IR spectra of CS, PAAm and semi-IPN hydrogel are shown in Figure 3 . The position of the characteristic bands for CS were assigned as follows: 3,447.15 cm À1 (overlapping stretching vibration between ÀNH 2 and ÀOH), 2,874.68 cm À1 (ÀCH stretching vibration in aliphatic series), 1,654.68 cm À1 (amide I band, which is the C ¼ O blending vibration), 1,081.97 and 1,029.35 cm À1 (C-O stretching vibration in ÀCOH from C 6 and C 3 , respectively) (Viswanathan et al. ; Saber-Samandari & Gazi ). The major adsorption bands for PAAm were at 3,447.69 cm À1 (ÀNH 2 stretching vibration), 2,927.59 and 2,857.63 cm À1 (ÀCH stretching vibration), 1,649.06 cm À1 (the amide I band), and 1,118.94 cm À1 (C-N stretching vibration, which is the secondary amide from MBA) (Dragan et al. b) . As shown, most of the major characteristic bands of CS and PAAm were in the same regions. The spectra of semi-IPN hydrogel exhibited its peaks at 3,448.23 cm À1 (ÀNH 2 and ÀOH stretching vibration), 2,929.70 cm À1 (C-H stretching vibration), 1,656.81 cm À1 (C ¼ O blending vibration) and 1,088.92 cm À1 (C-O stretching vibration). These peaks were sharper due to the CS and PAAm groups. The minor shifts were attributed to the formation of hydrogen bonds between PAAm and CS, indicating the coexistence of polyacrylamide and chitosan and the formation of a semi-IPN structure.
Swelling studies
The swelling behaviour of the hydrogel was studied by measuring the water uptake at different contact time intervals. As can be observed from Figure 4 , the time needed to attain the equilibrium swollen state was about 210 min while the SR was about 876.60%. To study the effect of the HA molecule on the swelling properties of hydrogel, the swelling behaviour in HA solution was investigated under the same conditions. We found that the SR of the hydrogel in HA solution was smaller than the SR in aqueous solution. This phenomenon has two explanations: (1) the presence of HA decreased the osmotic pressure between internal and external network solutions (Saber-Samandari et al. ); and (2) the electrostatic interaction between the -COO À groups in the HA molecule and -NH 3 þ groups in the PAAm/CS semi-IPN hydrogel acted as crosslinking points which contributed to the decrease in crosslink density (Zhao et al. ) .
HA adsorption
Effect of the initial pH of HA solution Figure 5 shows the effect of initial pH (from 3 to 11) on the adsorption of HA onto the hydrogel. When the initial pH ranged from 3 to 9, the HA adsorption capacity almost had the same value, 111 mg L À1 . When the pH continuously increased to 10 then 11, the HA adsorption capacity decreased sharply. The point zero charge (pH PZC ) of the hydrogel is about 10 ( Figure 5 ). At pH < pH PZC , the hydrogel is positively charged because of the deprotonation of amino groups. The high adsorption capacity in the pH range of 3 to 9 was attributed primarily to the electrostatic attraction between the positively charged hydrogel and the negatively charged HA molecules. However, when the pH increased to 10 then 11, at the point of pH > pH PZC , the hydrogel surface became negatively charged. The electrostatic repulsion between the negatively charged hydrogel and HA molecules led to the decrease in HA adsorption capacity. As shown in Figure 5 , the final pH value of the HA solution changed after adsorption: different initial solution pH values, from 4 to 9, all became around 5 after adsorption. The hydrogel acted as a buffer, which might explain the almost identical high level of adsorption capacity between pH 4 and 9. When the pH increased to 10 and 11, the final pH went to about 7 and 10, respectively. It has been suggested that the morphology of HA may transform from a spherical structure to a linear or stretched structure with the increase in solution pH (Wan Ngah et al. ; de Melo et al. ), which means more adsorption sites are needed and more repulsive interactions exist, leading to the decrease in adsorption capacity. This contributes to the HA adsorption capacity dropping abruptly at pH 10 and 11. The retained HA adsorption capacity of semi-IPN gel at pH 10 and 11 may involve formative hydrogen bonding between the neutral amino groups and the hydroxyl groups on the surface of hydrogel: the swelling behaviour of hydrogel helped adsorb the HA. In general, the semi-IPN hydrogel adsorbent exhibited a high adsorption capacity for HA over a wide pH range, 3-9, which is conducive to its practical application.
Effect of ionic strength
During water treatment, there are many co-present electrolytes with different concentrations that may enhance or impair HA adsorption. High NaCl concentration (0.1 mol L À1 ) and low NaCl concentration (0.01 mol L À1 ) were used to investigate the effect of ionic strength on HA adsorption performance, and HA solution without NaCl provided the appropriate comparison. HA adsorption capacity was significantly enhanced by the addition of ionic strength, as shown in Figure 6 . Ionic strength is also one of the factors affecting the molecular structure of HA. High ionic strength can neutralize the charge repulsion between adjacent carboxylic or phenolic groups of HA, leading to a coiled configuration (Wang et al. ) . This coiled structure is beneficial to the adsorption of HA, as we described previously. In addition, the electric double layers of HA colloid particles are expected to be compressed in the presence of electrolytes in solution by the DLVO theory. This compressions results the HA and semi-IPN hydrogel being closer, leading to an increase in HA adsorption capacity (Dong et al. b) . The marginally impaired enhancement of adsorption at a higher NaCl concentration can be explained by the competitive adsorption of Cl À with the HA molecule for adsorption sites in the semi-IPN hydrogel.
Effect of contact time and the adsorption kinetics
The effect of contact time on HA adsorption onto semi-IPN hydrogel at three different initial concentrations (40, 60 and 80 mg L À1 ) was investigated at 25 C, pH 7.0 and ionic strength 0.01 mol L À1 . Figure 7 shows that semi-IPN hydrogel has an excellent HA adsorption capacity. Adsorption equilibrium could be reached within 180 min, and in less than 30 min for 40 mg L À1 of HA. Compared to the high initial concentration solution, the lower concentration solution took less time to reach adsorption equilibrium because of the abundant adsorption sites. When the initial concentration increased, adsorption sites and swelling capacity reduced, and the repulsive force of HA strengthened, resulting in a decrease in HA adsorption capacity. Each contact time curve shows the rapid adsorption at the beginning when there were sufficient available adsorption sites. As the adsorption process proceeded, adsorption sites became gradually occupied, resulting in the decrease in adsorption rate. Finally, equilibrium was reached when there was no further adsorption. To investigate the kinetic mechanism driving the adsorption process, the pseudo-first-order (Equation (3) ) and pseudo-second-order (Equation (4)) models were applied to interpret the experimental data (Monier & Abdel-Latif ).
where k 1 (min À1 ) and k 2 (g (mg min) À1 ) are the rate constants for the pseudo-first-order kinetic and pseudo-secondorder kinetics, respectively, q t (mg g À1 ) is the amount of HA adsorbed at time t (min), and q e (mg g À1 ) is the amount of HA adsorbed at equilibrium state. The calculated kinetic constants are presented in Table 1 . The fitness of each model can be evaluated using the correlation coefficient R 2 . According to Table 1 , HA adsorption fits both the pseudo-first-order and the pseudosecond-order models perfectly (R 2 > 0.99). Although the correlation coefficient R 2 of the pseudo-second-order is bigger, the calculated q e values estimated from the pseudo-firstorder model agreed with the experimental values better, suggesting that electrostatic interactions dominated the adsorption of HA onto the semi-IPN hydrogel.
Effect of initial concentration, temperature and the adsorption isotherm
To evaluate the potential for practical applications, the effects of initial concentration and temperature on HA adsorption performance were investigated. The initial HA concentrations were in the range of 40 mg L À1 to 90 mg L À1 at (15, 25 and 35 C) . Figure 8 indicates that the adsorption capacity increased as the initial concentration and temperature increased. Higher HA concentrations provided stronger driving forces to overcome the HA mass transfer resistance between the aqueous and solid phases, and improved the chances of collisions between HA and hydrogel as well, thereby increasing the adsorption capacity. Higher temperatures stimulated activated sites on the hydrogel, increasing the kinetic motion of the hydrogel, and resulting in the increased adsorption capacity. To further analyse the adsorption process, three parameter isotherm models, Langmuir (Equation (5)), Freundlich (Equation (6)) and Sips (Equation (7)) were applied to evaluate semi-IPN hydrogel performance in HA adsorption from aqueous solution (Dragan et al. a) .
where C e (mg L À1 ) is the equilibrium HA concentration; q m (mg g À1 ) is the maximum adsorption capacity; k L (L mg À1 ) is the Langmuir constant, indicating the affinity of adsorbate for adsorbent; k F ((mg g À1 ) (L mg À1 ) 1/n ) and n are Freundlich constants related to the adsorption capacity and adsorption intensity, respectively; and α s is the Sips constant, predicting the adsorption energy. The fits for three models for HA adsorption onto semi-IPN hydrogel are illustrated in Figure 8 , and the isotherm parameters derived from each model are listed in Table 2 . The results show that the adsorption process is better described by the Sips isotherm model (R 2 > 0.99): it Table 3 . The adsorbent prepared in this research significantly outperforms most of other adsorbents for HA removal from aqueous solution, supporting semi-IPN hydrogel as an effective adsorbent with potential application prospects to remove HA. To better understand adsorption mechanisms, the thermodynamic parameters were evaluated. The Gibbs free energy (ΔG ), enthalpy (ΔH ) and entropy (ΔS ) of the adsorption system were calculated using the following equations (Equations (8)-(10)) (Shaker ):
where K d is the distribution constant, Cs and Ce are the HA concentrations of the hydrogel and the concentration of equilibrium state, respectively. R (8.314 J (mol K) À1 ) is the universal gas constant. T (K) is the absolute temperature.
ΔH and ΔS were obtained from the slope and intercept of the plotted ln K d vs 1/T line. All obtained thermodynamic parameters are listed in Table 4 . The negative value of ΔG indicates the HA adsorption process is spontaneous. The positive ΔH value lies in the 2.1-20.9 kJ mol À1 range for physical adsorption, which confirms that the adsorption mechanism primarily involves electrostatic interaction. The value of ΔS demonstrates the randomness at the solid-solution interface, indicating the affinity of HA for the semi-IPN hydrogel.
CONCLUSION
In this work, a PAAm/CS semi-IPN hydrogel was prepared via fast in-situ free radical cross-linking polymerization of acrylamide (AAm) and N,N 0 -methylenebisacrylamide (MBA) in the presence of chitosan (CS) by thermal initiation. This hydrogel can be used as a low-cost, biocompatible and biodegradable adsorbent for HA removal. The adsorption capacity of hydrogel for HA remained high over a wide range of solution pH, 3 to 9, which is enhanced at low ionic strength, indicating outstanding performance for practical applications. The excellent fit to the pseudo- first-order model indicates that the semi-IPN hydrogel adsorbed HA mainly by electrostatic interaction. The maximum adsorption capacity has the potential to reach 166.297 mg g À1 based on the Sips isotherm (pH 7.0; temperature 25 C; ionic strength 0.01 mol L À1 ), which is superior to other existing adsorbents for HA removal. A thermodynamics evaluation confirmed that electrostatic attraction and hydrogen bonding are the primary adsorption mechanisms. These results indicate that the PAAm/CS semi-IPN hydrogel is a promising adsorbent for efficiently removing HA from water.
